Enteropathogenic Escherichia coli (EPEC) strains are extracellular pathogens that generate actin-rich structures (pedestals) beneath the adherent bacteria as part of their virulence strategy. Pedestals are hallmarks of EPEC infections, and their efficient formation in vitro routinely requires phosphorylation of the EPEC effector protein Tir at tyrosine 474 (Y474). This phosphorylation results in the recruitment and direct attachment of the host adaptor protein Nck to Tir at Y474, which is utilized for actin nucleation through a downstream N-WASP-Arp2/3-based mechanism. Recently, the endocytic protein clathrin was demonstrated to be involved in EPEC pedestal formation. Here we examine the organization of clathrin in pedestals and report that CD2AP, an endocytosis-associated and cortactin-binding protein, is a novel and important component of EPEC pedestal formation that also utilizes Y474 phosphorylation of EPEC Tir. We also demonstrate the successive recruitment of Nck and then clathrin prior to actin polymerization at pedestals during the Nck-dependent pathway of pedestal formation. This study further demonstrates that endocytic proteins are key components of EPEC pedestals and suggests a novel endocytosis subversion strategy employed by these extracellular bacteria.
The extracellular bacterial pathogen enteropathogenic Escherichia coli (EPEC) causes serious diarrheal disease in humans and is a prevalent microbe involved in childhood mortality in the developing world. This microbe is part of a larger family of bacteria called the attaching and effacing (A/E) pathogens that also includes the human-specific pathogen enterohemorrhagic E. coli (EHEC) and the murine disease-causing bacterium Citrobacter rodentium. These bacteria attach to intestinal epithelial cells and use a type III secretion system to directly deliver effector proteins from the bacterial cytosol into the cytoplasm of host cells. Among other functions, these effectors harness the host cell's cytoskeleton (4) to generate actin-rich pedestals that are hallmarks of virulence for this class of pathogens (14) . One of these effectors, the translocated intimin receptor (Tir), is key to pedestal formation. Following translocation into the host cell, Tir becomes embedded in the host cell plasma membrane, where its extracellular domain acts to firmly anchor the pathogen to the epithelial cell. In cultured cells, the intracellular cytoplasmic domain of EPEC Tir can become phosphorylated at tyrosine 474 (Y474) (6) , where it recruits the adaptor protein Nck (7) . These events all occur prior to actin filament polymerization beneath the attached bacteria via an N-WASP-and Arp2/3-based mechanism (7, 11) . Although this is the prominent strategy used by EPEC to recruit actin to pedestals, a Y474-independent strategy also exists, but it occurs at a much lower frequency. During such instances, EPEC Tir becomes phosphorylated at Y454 and actin recruitment is independent of Nck (1).
Previous work highlighted a role for clathrin during some bacterial infections (19, 20) . Although the role of clathrin during enteropathogenic E. coli infections was not investigated until recently (20) , the finding of clathrin at the tips of EPEC pedestals, coupled with the discovery of dynamin-2, another protein known to be involved in endocytosis, associated within the actin stalk of EPEC pedestals (18) , suggests a possible role for additional endocytosis-associated proteins and indicates that a unique mechanism is employed by EPEC to remain extracellular despite the presence of these endocytic components. Other proteins, including the actin-associated protein cortactin, are also prominent at these structures. Cortactin is found throughout EPEC pedestals as well as pedestals formed by other attaching and effacing pathogens (2, 3) . Thus, in order to further examine other endocytosis-associated proteins during EPEC pedestal formation, we opted to immunolocalize the endocytosis-related protein CD2AP (CD-2-associated protein) during these infections. CD2AP is a clathrin-associated endocytosis protein that directly associates with cortactin in other systems (12, 17) .
We discovered that CD2AP is present at EPEC pedestals and is a crucial component for their formation. Through the use of various host cell modification strategies, we subsequently explored the recruitment of the endocytosis-associated proteins at EPEC pedestals and found that during Nck-dependent pedestal formation, EPEC sequentially recruits Nck, clathrin, cortactin, and then CD2AP at the pedestal tip prior to the actin filament polymerization machinery at these sites.
MATERIALS AND METHODS
Chemicals. All chemicals and reagents were obtained from Sigma-Aldrich Canada (Mississauga, Ontario, Canada), unless otherwise specified. Paraformaldehyde was purchased from Canmeco (Canton de Gore, Quebec, Canada), and NaCl was acquired from Fisher Scientific (Vancouver, British Columbia, Canada). Control immunoglobulins G (IgGs) and secondary antibodies conjugated to horseradish peroxidase were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).
Bacterial strains. EPEC strains that were used in this study included wild-type EPEC strain E2348/69 and wild-type EPEC strain JPN15, as well as previously used mutant strains in that background, including a ⌬tir mutant, a ⌬tir mutant complemented with EPEC tir, and a ⌬tir mutant complemented with EPEC tir(Y474F) (6) . The JPN15 strain lacks bundle-forming pilus (BFP) expression (10) . This enables the clear identification of individual pedestals and consequently allows for pedestals to be counted accurately. The EHEC strains used in this study included EHEC O157:H7 strain 86-24.
Cell infections and immunolocalization. HeLa, Caco2, and T84 cells and murine fibroblasts (from a parental strain and an nck Ϫ/Ϫ mutant) (7) were grown on coverslips and infected with log-phase EPEC at a multiplicity of infection (MOI) of about 10 for 6 h. Infections that persisted for over 3 h were rinsed with either cell culture medium or modified Dulbecco's phosphate-buffered saline (DPBS) containing calcium and magnesium (Thermo Fisher Scientific, Nepean, , used at 15.6 g/ml; a rabbit anti-CD2AP antibody (Santa Cruz Biotechnology, Santa Cruz, CA), used at 4.0 g/ml; a rabbit anti-Nck antibody, used at 5 mg/ml (BD Biosciences, Mississauga, Ontario, Canada); rabbit anti-Nck antibody clone Y531, used at a 1:100 dilution (Novus Biologicals, Littleton, CO); mouse anti-cortactin (p80/85) antibody clone 4F11 (Upstate/Millipore, Etobicoke, Ontario, Canada), used at 20 g/ml; a rabbit anti-numb antibody (Cell Signaling Technology, Danvers, MA), used at 0.55 g/ml; and a mouse anti-Tir antibody, used at a 1:1,000 dilution (5). The next day, all of the cells were washed three times in PBS containing 0.05% Tween 20 and 0.1% bovine serum albumin (TPBS-BSA) and then incubated with goat anti-mouse or goat anti-rabbit secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 546 (Invitrogen, Carlsbad, CA). Filamentous actin was labeled using phalloidin conjugated to Alexa 488, 546, or 568 (Invitrogen, Carlsbad, CA). The stain was made up in TPBS-BSA. Following 3 additional washes, coverslips were mounted with either Vectashield, Hard-Set Vectashield with DAPI (4Ј,6-diamidino-2-phenylindole) (Vector Laboratories, Burlingame, CA), or Fluoromount G (Interchim, Montluçon, France). All immunostained material was imaged using a Zeiss Axiophot microscope (Carl Zeiss, Inc., Toronto, Ontario, Canada) with documentation to T-Max 400 film, a Zeiss Axiovert 135 microscope (Carl Zeiss, Inc., Toronto, Ontario, Canada) coupled to a charge-coupled device (CCD) camera (MicroMax 5Mhz; Princeton Instruments, Trenton, NJ), a Leica DMI4000B inverted microscope coupled to a Hamamatsu Orca R2 CCD camera (Hamamatsu, Japan) driven by Metamorph imaging system software (Universal Imaging Corp., Downingtown, PA), or a Zeiss AxioObserver microscope coupled to a Zeiss Axiocam camera.
Standard methods were used for Western blotting (8) . Antibodies used in this study included a mouse anti-clathrin antibody (BD Biosciences, Mississauga, Ontario, Canada), used at a concentration of 0.623 g/ml; mouse anti-CD2AP (Santa Cruz Biotechnology, Santa Cruz, CA), used at 0.4 g/ml; a mouse anti-␣-tubulin antibody (clone 12G10) (Developmental Studies Hybridoma Bank, Iowa City, IA), used at 0.186 mg/ml; a rabbit anti-calnexin antibody (SigmaAldrich, Mississauga, Ontario, Canada), used at 14 g/ml; and a mouse anticortactin antibody, used at 20 ng/ml (Cell Signaling Technology, Danvers, MA).
RNAi. Two general techniques were used to knock down the targeted genes. The first used Lipofectamine 2000 (Invitrogen, Carlsbad, CA) to knock down clathrin. The other used Oligofectamine (Invitrogen, Carlsbad, CA) to knock down clathrin, CD2AP, and cortactin. Both techniques were performed according to the manufacturer's procedures. The small interfering RNAs (siRNAs) consisted of the following. For cortactin, an On-Target Smart pool against human cortactin (Thermo Fisher Scientific/Dharmacon, Nepean, Ontario, Canada) was used for the clathrin heavy chain, an On-Target Smart pool against the clathrin heavy chain (Thermo Fisher Scientific/Dharmacon, Nepean, Ontario, Canada) or the sequence GGCCCAGGUGGUAAUCAUUtt was used (the lowercase letters represent 2 thymine residues that were added to the siRNA to stabilize it). The CD2AP siRNA sequence used was GGAAUGUGAAAAAG CUACAtt (Thermo Fisher Scientific/Dharmacon, Nepean, Ontario, Canada). Control siRNAs for SMARTpool RNA interference (RNAi) included the siCONTROL nontargeting siRNA pool (Thermo Fisher Scientific/Dharmacon, Nepean, Ontario, Canada). All individual sequence RNAi was controlled using siCONTROL nontargeting siRNA 1 (Thermo Fisher Scientific/Dharmacon, Nepean, Ontario, Canada).
Statistical analysis. Bacteria attached to infected cells were counted, and the presence of staining was assessed at points of contact for cells that were treated with either nontargeting siRNA (control RNAi) or targeting siRNA (RNAi). Host cells that were RNAi treated were counted only if they had undetectable levels of protein within them, as determined by fluorescence microscopy, to ensure that the proteins were knocked down within those cells. Results are presented as means Ϯ standard errors of the means (SEM). The n in the figure legends refers to the number of host cells counted. Statistical significance was determined by unpaired, two-tailed t tests, using GraphPad Prism 4.0b.
Lysate preparation and Western blotting. HeLa cells were grown on 150-mm tissue culture dishes and infected at an MOI of about 10 for 3 to 6 h, as described above. Cells were then washed five times with PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 to remove any unbound bacteria.
Western blots of RNAi-or control RNAi-treated cells (as described above) were performed in the absence of bacterial infections, and cells were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 5 mM EDTA, 1% Nonidet P-40, 1% deoxycholic acid [sodium salt], 10% SDS) for 10 min on ice. Standard Western blotting procedures were used (20) .
RESULTS
Previous studies have demonstrated that the host proteins Nck and clathrin are important for efficient EPEC pedestal formation and that their recruitment to the apical tips of these structures requires the phosphorylation of Tir at tyrosine 474 (Y474). Additionally, cortactin is a prominent host protein that is recruited to both the pedestal tip and stalk (2, 3) .
To further investigate the role of endocytosis-related proteins in pedestal formation, we examined the localization of CD2AP (CD-2-associated protein) at pedestals. Like clathrin, CD2AP was concentrated at the pedestal tip in wild-type EPEC-infected HeLa, Caco2, and T84 cells ( Fig. 1; see Fig. S1 in the supplemental material). CD2AP colocalized with cortactin at the pedestal tip but did not localize with the cortactin within the pedestal stalk ( Fig. 1; see Fig. S1 in the supplemen- on October 16, 2017 by guest http://iai.asm.org/ tal material). The colocalization of CD2AP with cortactin only at the tips of these structures is not unique, as F-actin-rich tails generated during particle transport in cells expressing a mutant of ARF6 which is defective in GTP hydrolysis also localized cortactin along their entire length but recruited CD2AP only to the point of particle contact (16) . Based on the different localization patterns of CD2AP and cortactin at these sites, this suggested that these proteins likely do not associate To study whether CD2AP recruitment was specific, we used the localization of another protein involved in endocytosis, numb, as a negative control. Numb is known to interact with endocytosis-related proteins and to localize with internalized receptors to endocytic organelles (15) . Additionally, fragments of numb are known to impede clathrin-mediated endocytosis, acting in a dominantnegative manner (15) . Numb was never found at EPEC pedestals (see Fig. S2 in the supplemental material). Because clathrin and Nck recruitment to EPEC pedestals requires the phosphorylation of Y474 of EPEC Tir (7, 20) , we examined if this effector, and specifically the Y474 phosphorylation site, was also needed for CD2AP localization at EPEC pedestals. We found that CD2AP recruitment to pedestals also required Tir and the Y474 phosphorylation site of Tir, as EPEC ⌬tir (Fig. 1) and Tir mutants lacking the Y474 phosphorylation site did not recruit CD2AP to these sites (Fig. 1) , despite Tir localizing at points of EPEC-host-cell attachment (see Fig. S3 in the supplemental material), thus paralleling the requirements for clathrin and Nck recruitment.
CD2AP acts as a scaffold between the endocytic and actin machineries in other systems (17) . Thus, in order to examine the importance of CD2AP during EPEC pedestal formation, we knocked down CD2AP in HeLa cells ( Fig. 2; see Fig. S4 in the supplemental material) and assessed the ability of EPEC to form actin-rich pedestals. In cells with CD2AP knockdown, actin pedestals were absent despite Tir being delivered into the host cells ( Fig. 2; see Fig. S4 , S5, and S6 in the supplemental material), demonstrating that CD2AP is required for EPEC pedestal formation and lies upstream of actin filament polymerization during these infections.
Because EPEC generally remains extracellular during pathogenesis and because endocytic proteins are recruited to the pedestal tips, we sought to determine the order of recruitment of the endocytosis-associated proteins at EPEC pedestals by coupling the use of cells devoid of certain host proteins and RNAi. Based on previous data indicating that Nck binds directly to phosphorylated Y474 of EPEC Tir during Nck-dependent pedestal formation (7), we hypothesized that clathrin was positioned downstream of Nck and upstream of actin filament polymerization in EPEC pedestals. To address this issue, we infected Nck null murine embryonic fibroblasts (7) or the corresponding Nck ϩ/ϩ cells with wild-type EPEC. Clathrin was localized at EPEC pedestals when Nck was present in the cells but was absent when the Nck null cells were infected (Fig.  3) . This indicates that clathrin lies downstream of Nck during pedestal formation.
This result predicted that if clathrin was knocked down, Nck would still be associated beneath the adherent bacteria but actin filaments would not be recruited to pedestals. We used an siRNA approach to knock down clathrin expression. In clathrin knockdown cells that expressed undetectable levels of clathrin, Nck remained at sites of bacterial attachment ( Fig. 3; see Fig. S7 in the supplemental material) . However, the ab- sence of clathrin resulted in a significant decrease in the number of actin-rich pedestals at sites of bacterial contact (Fig. 3 ) (20) . In contrast, clathrin and actin pedestals were associated beneath EPEC in wild-type cells (Fig. 3) . Thus, clathrin is utilized during EPEC pedestal formation and functions downstream of Nck but upstream of actin filament polymerization during the Nck-dependent pedestal generation process. To investigate CD2AP in relation to clathrin at EPEC pedestals, we used RNAi to knock down these proteins in HeLa cells prior to infection and tested for the presence of CD2AP. In cells with undetectable levels of clathrin, CD2AP was also absent ( Fig.  4 ; see Fig. S8 in the supplemental material) . However, clathrin RNAi did not alter CD2AP levels (see Fig. S9 in the supplemental material). When CD2AP RNAi was performed, clathrin remained beneath the attached bacteria ( Fig. 4 ; see Fig. S8 in the supplemental material), demonstrating that clathrin is recruited to EPEC pedestals prior to CD2AP and that both of these proteins are important for pedestal formation.
CD2AP is associated with cortactin in other systems, and both proteins colocalize at the pedestal tip (Fig. 1) . Consequently, we explored the recruitment of cortactin in relation to CD2AP at the pedestal tip by using RNAi. When CD2AP was knocked down to undetectable levels, cortactin remained localized beneath the attached EPEC cells; however, when cortactin was knocked down, CD2AP was not found underlying the attached bacteria ( Fig. 5; see Fig. S10 in the supplemental material). This suggests that at the pedestal tip, cortactin is recruited upstream of CD2AP.
DISCUSSION
There is increasing evidence that actin is involved in clathrinmediated endocytosis (9, 17) . Although the majority of this work arises from the Saccharomyces cerevisiae system, there is still limited evidence that similar mechanisms take place in mammalian cells. Nevertheless, many of the proteins involved in the nucleation of actin filaments at the plasma membrane during endocytosis are found at EPEC pedestals, including N-WASP and Arp2/3. However, their organization at pedestals does not mimic exactly the arrangement proposed for vesicles undergoing clathrin-mediated endocytosis. Most of the models of clathrin-mediated endocytosis involve the invagination of the plasma membrane to internalize a particle. Those models tend to nucleate actin (likely by N-WASP) adjacent to clathrin and then exploit actin dynamics to transport the forming vesicle into the cell (reviewed in reference 9). During EPEC pedestal formation, we suggest that the actin recruiting machinery is positioned downstream of clathrin and could potentially use clathrin as a scaffold for other proteins prior to the recruitment of actin filaments to these sites. Consequently, the organization of endocytic proteins in relation to actin-associated proteins could influence pedestal formation over endocytosis and may represent a novel strategy for these microbes to avoid internalization.
Dynamin-2 was also recently identified at EPEC pedestals (18) . During endocytosis, dynamin-2 has a dual function in both formation of the endocytic vesicle and pinching off from the membrane. This protein also has the ability to interact with a variety of proteins, including cortactin (13) and Nck (23) .
Although it is detected in EPEC pedestals, the exact positioning of dynamin during pedestal generation remains elusive. It was demonstrated that dynamin recruitment required Tir, Nck, and N-WASP (18) . However, cells with dynamin knockdown prevented the recruitment of N-WASP, Arp3, and cortactin (18) . The precise arrangement of dynamin-2 either upstream or downstream of N-WASP requires further clarification. We attempted to assess this but were unable to accurately localize dynamin at pedestals. This was likely due to the different antibodies that were used by Unsworth and coworkers (18) and those that we could acquire commercially. How does clathrin and the endocytic machinery mediate pedestal formation and not bacterial internalization? Clues to this question may come from understanding the detailed organization of proteins in the pedestals. Nck, clathrin, CD2AP, and N-WASP localize to the pedestal tip directly beneath the attached bacteria, and Arp2/3 and actin are concentrated primarily in the stalks of EPEC pedestals, while cortactin is found both at the tip and throughout the stalk. The evidence that clathrin lies downstream of Nck when associated at pedestals reveals a novel type of clathrin recruitment at the level of the receptor and correlates well with the unique properties of the EPEC receptor, the Tir protein. Indeed, the situation is different from that described for the Listeria InlB protein, which interacts with a receptor known to be endocytosed by clathrinmediated endocytosis. Nevertheless, what drives the enwrapping of the membrane around bacteria in the case of Listeria and does not in the case of EPEC remains elusive.
Clathrin is crucial to EPEC pedestal formation but is not recruited to EHEC pedestals (see Fig. S11 in the supplemental material). This could be due to the differences in strategies that these microbes use to recruit host proteins to Tir. EHEC does not utilize a Y474 phosphorylation mechanism and accordingly does not recruit Nck to Tir. Instead, it hijacks the host proteins IRSp53 and IRTKS and then uses a second EHEC effector, EspF u , to recruit the actin polymerization machinery (21, 22) . Thus, we propose that the endocytic proteins at EPEC pedestals act as a scaffold for other pedestal components.
In summary, we can now frame the organization of endocytic proteins in EPEC pedestals in relation to other well-established EPEC pedestal components as well as demonstrate the presence of the endocytosis-associated protein CD2AP at these sites. The altered organization of clathrin and other associated pedestal components suggests that the extracellular localization of EPEC may result from a modification in the arrangement of endocytic components at pedestals compared to that proposed for clathrin-mediated endocytosis. Additionally, this altered organization suggests that clathrin may act as a scaffold for other pedestal proteins.
